Pyrocumulus clouds above three Colorado wildfires (Hewlett Gulch, High Park, and Waldo Canyon; all in summer 2012) electrified and produced small intracloud discharges whenever the smoke plumes grew to high altitudes (over 10 km above mean sea level). Vertical development occurred during periods of rapid wildfire growth, as indicated by the shortwave infrared channel on a geostationary satellite, as well as by incident reports. The lightning, detected by a three-dimensional lightning mapping network, likely was caused by ice-based electrification processes that did not involve significant amounts of graupel, based on Doppler and polarimetric radar observations.
Introduction
Pyrocumulus clouds frequently occur over wildfires, often growing to high altitudes and impacting chemical composition and aerosol concentrations in the upper troposphere (Fromm et al. 2010) . On occasion, these clouds also have been observed to electrify and produce lightning (Latham 1991 , Rosenfeld et al. 2007 ). Interestingly, observed cloud-to-ground (CG) lightning flashes from these clouds, or other thunderstorms ingesting smoke, often will transfer predominantly positive charge to ground (Latham 1991 , Lyons et al. 1998 , Rosenfeld et al. 2007 , Rudlosky and Fuelberg 2011 ). This phenomenon is not particularly well understood, but may depend either on increased supercooled liquid water due to intensification of thunderstorm updrafts (Williams et al. 2005 , Lang and Rutledge 2006 , Rosenfeld et al. 2007 ) via aerosol-based suppression of warm-rain microphysical processes (Rosenfeld 1999 , Andreae et al. 2004 , Khain et al. 2008 , or perhaps may occur due to a preferential increase in concentration of certain ions that exist within wildfire smoke (Vonnegut et al. 1995 , Latham 1999 , Jungwirth et al. 2005 .
A notable deficiency in previous studies of pyrocumulus electrification is the lack of three-dimensional lightning mapping data, such as those provided by the Lightning Mapping Array (LMA) system developed by the New Mexico Institute of Mining and Technology (Rison et al. 1999) . Such systems have been useful for identifying and understanding electrification under exotic meteorological scenarios, such as volcanic plumes (Thomas et al. 2007 , Behnke et al. 2012 ) and lightning initiation within thunderstorm anvils (Kuhlman et al. 2009 ). And while Doppler radar has been exploited in the study of wildfire smoke plumes and pyrocumulus (Hufford et al. 1998, Rosenfeld vertical errors expected to be greater than 300 m. Based on the DC3 experience, the performance characteristics and location accuracy of this network is better than most, if not all, previously deployed LMA networks (e.g., Thomas et al. 2004 , Goodman et al. 2005 , MacGorman et al. 2008 . Flash rates were calculated via the same methodology as Lang and Rutledge (2008) . A map of the Colorado DC3 domain, showing the locations of COLMA stations and the CSU radars, is shown in Fig. 1 .
Flash-level data from the National Lightning Detection Network (NLDN) (Cummins and Murphy 2009) also were examined in the vicinity of the three wildfires.
During their respective analysis periods (encompassing each plume electrification episode), no NLDN-detected lightning of any type (IC or CG) occurred near the fires or smoke plumes, nor were any NLDN-detected flashes associated with any of the LMAmapped lightning presented in this study.
c. Satellite
Geostationary Operational Environmental Satellite (GOES) data were obtained from the Cooperative Institute for Research of the Atmosphere (CIRA) archive. GOES-13, which is centered at 75° west longitude, was used for this study. Infrared (IR) bands 2 (centered at 3.9 µm) and 4 (centered at 10.7 µm), both with a sub-point resolution of 4 km, were examined for the three Colorado fire cases. Infrared pixel sizes over Colorado are approximately 4x7 km. The 3.9-µm band is sensitive to sub-pixel heat sources (Weaver et al. 2004) , and thus is ideal for locating the hot spots associated with fires.
Band 4 is the window IR band and is used to estimate cloud-top temperatures.
d. Soundings
Sounding information was taken from the local Denver, Colorado, sounding on each day. The morning (1200 UTC) and afternoon (0000 UTC) soundings from each day showed deep dry adiabatic layers from the surface (or above a surface-based inversion)
up to approximately 500 hPa, where the lifting condensation level usually resided. Above that, lapse rates decreased somewhat but generally followed a moist-adiabatic profile.
These profiles were supportive of the high-based, gusty convection and deep vertical development of the smoke plumes that were observed on the electrification days (16 May, as well as 13 and 26 June 2012).
Results

a. Hewlett Gulch Fire
The Hewlett Gulch Fire was an accidental human-caused fire that began on 14
May 2012 and was 100% contained by 22 May. In the interim, it burned 7,685 acres (31.1 km 2 ) in a forested region northwest of Fort Collins, Colorado (Inciweb 2012). On 16 May, typical early afternoon, elevated convective activity with gusty downdrafts over the foothills stirred up the fire, which spread by more than 4,000 acres (16.2 km 2 ) this particular day. Pyrocumulus were observed to form atop the smoke plume during the early afternoon.
The CSU-CHILL and Pawnee radars performed coordinated scanning over the Hewlett Gulch Fire area starting at 1905 UTC. The primary target of the scanning was the smoke plume, which was easily detected by both radars. After 2220 UTC the radars changed targets to other convection in the area.
The first flash atop the Hewlett Gulch plume occurred at 1948 UTC (Fig. 2) , and was noticed immediately by CSU-CHILL radar scientists due to the real-time COLMA data feed available at the radar facility. CSU-CHILL and Pawnee had been scanning the plume the whole time, thereby providing radar coverage of the plume as it evolved and electrified. The plume was well centered within the western CSU-CHILL/Pawnee dualDoppler lobe, at a range of 60-65 km from CSU-CHILL (Fig. 1 ).
The flash in Fig. 2 was a spatially compact IC flash, typical of the 20 flashes (consisting of > 10 LMA sources) produced within the plume from 1948 to 2005 UTC ( Fig. 1) , for an average flash rate of 1.2 min -1 . It initiated just below 10 km MSL, and based on leader behavior appeared to discharge positive charge immediately above this altitude, and negative charge below, thus identifying it as a normal-polarity IC (Rison et al. 1999) . However, the vertical span of the discharge did not significantly exceed 2 km.
In addition, the flash did not significantly exceed 5 km in horizontal size in either direction.
Leaders traveled largely toward the north and east, which was consistent with developed within the plume (Fig. 4h) , driving echo tops to about 12 km (Fig. 4b) . Some, but not all of this "overshooting" echo contained elevated Z DR values characteristic of smoke and ash particles (Fig. 4e) . By the last volume shown in Fig. 4 , lightning was well underway and the echo tops remained above 10 km, although updraft strength had weakened considerably (Fig. 4c ,f,i).
Lightning was favored in regions of decreased Z DR (Fig. 4f) , a result confirmed by more detailed investigation of the COLMA-detected lightning overlaid on polarcoordinate CSU-CHILL data (Fig. 5) . In fact, Z DR averaged near 0 dB while Z was ~20-25 dBZ or less in the regions where lightning was occurring (~10 km MSL), consistent with the presence of snow or small ice particles (Vivekanandan et al. 1999 ). However, correlation coefficient (ρ HV ) was only about 0.6-0.7 in this region, indicating that a mixture of particles (likely ice and ash) was still present.
The gradual decrease in Z DR and increase in ρ HV with height in Fig Other polarimetric parameters were examined, though not shown here. Linear depolarization ration (LDR) was generally elevated (> -15 dB) throughout the plume, consistent with the low reflectivities (and thus reduced signal-to-noise ratio for crosspolar returns) as well as the presence of irregularly shaped particles like ash. Differential phase was noisy, particularly within the lower portion of the plume, prohibiting useful calculation of specific differential phase (K DP ). This was consistent with the lack of significant positive differential phase shifts that are associated with the presence of rainfall or large dendrites, or negative phase shifts that are associated with vertical alignment of ice crystals in strong electric fields.
The upper-level reflectivity behavior in the plume (from the NMQ composites) and its relationship to lightning flash rate was examined in more detail for this case ( In summary, the observations are consistent with the Hewlett Gulch plume electrifying and producing lightning after the fire intensified, increasing updrafts in the plume, which led to taller vertical development. However, the lightning preferentially favored regions containing inferred snow or small ice particles, though these were likely mixed with ash.
b. High Park and Waldo Canyon Fires
The Similar to Hewlett Gulch, increases in high-altitude 20-dBZ echo volumes led the initial electrification of the plume, although the first lightning did not start until after this echo began declining (Fig. 6b) . During the later electrification period, however, the flash counts and high-altitude echo volumes corresponded fairly well to one another, and the lightning ceased after 0030 UTC when the echo volumes plateaued.
The Waldo Canyon plume was more electrically active than the two preceding cases, with a total of 117 flashes (not counting precursors) during the period 2310-0006 UTC (2.1 min -1 flash rate; Fig. 6c ). Similar to High Park, the lightning mainly came in two bursts. One started after 2310 UTC while 20-dBZ echo volumes were only gradually increasing. The second major burst occurred after 2345 UTC, which was led by a more rapid increase in high-altitude echo starting at 2335. Lightning terminated shortly before the 20-dBZ echo reached its peak at 0015.
In the High Park case, the IC flashes tended to be smaller in size than the Hewlett Gulch ones (~1-2 km characteristic spatial dimension), with the exception of one flash (at 0028 UTC) that covered a much greater depth, roughly 6-11 km MSL (Fig. 9c) . The greater depth was caused by a single downward-propagating negative leader. Overall, it was difficult to distinguish charge layers in the High Park case, as the small flashes did not exhibit the typical bi-level behavior observed in classic ICs (Rison et al. 1999 ).
Assuming that negative leaders were mostly observed by the LMA, however, the data were consistent with positive charge just above 10 km MSL, similar to Hewlett Gulch.
The one exception was the single deep flash, which appeared to indicate positive charge also residing near mid-levels, though this may have been short-lived given the lack of repeat flashes in this layer.
In the Waldo Canyon case, the lightning appeared similar in size to Hewlett Gulch, and revealed a similar charge structure, though the greater range tended to cause a noisy spatial spreading in the LMA data (Thomas et al. 2004) . At 2255 UTC (Fig. 9d) producing its own discharges; Fig. 6c ) propagated southward into the plume (Fig. 9f) ,
suggesting that charge layers produced by the two clouds (one fire-created, the other more conventional) may have merged.
The warm 3.9-µm brightness temperatures associated with the High Park fire hot spot can be seen in the western portion of Fig. 10a . Like the Hewlett Gulch case, the plume electrified after it had advected downwind to the east-northeast (Fig. 10b-c) . The entire electrified region contained cold longwave brightness temperatures (< 270 K; Fig. 
10d-f). Loops of visible imagery (not shown) indicated a large amount of afternoon
convective clouds over the northern Colorado foothills and mountains, along with a rapidly growing smoke plume.
In the Waldo Canyon case (Fig. 11a-c ), flashes were observed with a convective burst just east of the hot spot at 2311 UTC, and with a separate burst to the northeast of the fire at 0030 UTC. The conventionally electrified convection to the north of the fire appeared to be associated with a region of colder shortwave and longwave ( Fig. 11d-f) brightness temperatures, however. The aforementioned 0039 UTC flash originated from the northern thunderstorm (Fig. 11c,f) and traveled southward into a region of warmer brightness temperatures associated with the fire plume.
In summary, the High Park and Waldo Canyon smoke plumes electrified under similar circumstances to the Hewlett Gulch plume. There was a rapidly growing fire (spectacularly so in the case of Waldo Canyon), plume development above 10 km MSL, lack of high reflectivities indicative of graupel, and (with some exceptions) the occurrence of infrequent, horizontally and vertically compact ICs at high altitudes. While the CSU-CHILL was not available to determine particle type in these latter two electrified plumes, the reflectivity structures were similar to Hewlett Gulch, except that the plumes were larger (Fig. 6 ) due to the larger fires.
Discussion and Conclusions
The evidence from these three cases suggests that pyrocumulus clouds atop smoke plumes can electrify and produce small IC discharges under the following circumstances: A rapidly growing wildfire produces enhanced plume updrafts and vertical development. Meteorological instability allows the plume to extend above ~10 km MSL (i.e., air temperatures below -40 °C, based on local soundings), where ice accumulates within the smoky plume. The lightning occurs within this region of inferred ice, and based on time series (Fig. 6 ) increased amounts of 20-dBZ echo or greater at high altitudes (inferred to include precipitation-sized and smaller ice particles, mixed with ash) need to occur prior to or in concert with the lightning. The radar data suggest that graupel does not need to be abundant, however.
The electrification mechanism thus is likely ice-based, but it is unclear whether the standard non-inductive mechanism, which is postulated to occur during rebounding collisions between graupel and ice crystals in the presence of supercooled liquid water (Reynolds et al. 1957 , Takahashi 1978 , Jayaratne et al. 1983 , Saunders et al. 1991 ), applies to these cases. If it is operative, the riming particles are likely ice or snow crystals rather than graupel, based on the polarimetric observations (Vivekanandan et al. 1999) . It is possible that the heat of the fires may have increased temperatures within the plumes to be well above the ambient, sounding-derived air temperatures at any given altitude. This may have allowed some supercooled liquid water to exist at the high altitudes where the lightning was observed.
Alternatively, it is possible that the charging mainly occurred at lower altitudes, and was then "injected" to the higher altitudes by a short-lived pulse of enhanced, firedriven updrafts. There, at high altitudes where breakeven electric fields would be lower, conditions would then be more favorable for lightning occurrence. The RHI scans of the Hewlett Gulch plume certainly indicated the presence of ice at mid-levels (Fig. 5) , as differential reflectivities gradually decreased with increasing altitude, while correlation coefficient increased -in essence, a sorting between large, mostly ash particles near the fire with smaller, mostly ice particles at high altitudes. This might explain the commonly observed lag periods between updrafts or high-level ice mass and the occurrence of lightning (Fig. 6) , and wouldn't necessarily rule out additional electrification occurring once the ice mass was lofted. reflectivities in excess of 40 dBZ within it, suggesting significant amounts of graupel (Rosenfeld et al. 2007 ). Unsurprisingly, high-resolution VHF networks like the COLMA provide a key advantage for studying pyrocumulus electrification because they can more easily detect small, weak IC discharges compared to VLF/LF networks like the NLDN, even at long range (~200 km) like the Waldo Canyon case. This also suggests that pyrocumulus electrification could occur much more frequently than implied from past studies that lacked access to detailed IC information.
There was little evidence of any inverted or anomalous electrical structures in these pyrocumulus clouds, in potential contrast to the observations of positive CG lightning in past studies of pyrocumulus (e.g., Latham 1991 , Rosenfeld et al. 2007 ).
Indeed, the available evidence suggested a normal-polarity (positive over negative) 
